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(54) Light modulating device with improved method for displaying grey levels with reduced error 



(57) A ferroelectric liquid crystal display comprises 
an addressable matrix of pixels 7 and addressing cir- 
cuitry comprising a data signal generator 1 4 tor applying 

data signals to column electrode tracks 4, , 4 2 4 n and 

a strobe signal generator 15 for applying strobe signals 
to row electrode tracks 5., , 5 2 5 m in order to selective- 
ly switch the pixels 7. In order to provide a large number 
of well defined grey levels, the addressing circuitry in- 
cludes spatial and/or temporal dither control circuits for 
addressing separately addressable sub-pixels of each 
pixel 7 with different combinations of spatial dither sig- 
nals and/or for addressing at least part of each pixel with 
different combinations of temporal dither signalsappiied 



to separately addressable temporal bits corresponding 
to sub-frames of different periods to produce a plurality 
of different transmission levels. Furthermore at least a 
part of each pixel is.switchable between different states 
by means of on and off switching signals, at least one 
bit of some of the pixels being switchable into interme- 
diate states, including at least one error producing ana- 
logue state, by intermediate switching signals in order 
to produce intermediate overall transmission levels, and 
such switching being controlled so that periods in which 
at least part of the pixel is in an error producing analogue 
state alternate with periods in which the part is in a sub- 
stantially error free state in order to limit the propagation 
of transmission errors. 
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D scription 

This invention relates to light modulating devices, 
and is concerned more particularly, but not exclusively, 
with liquid crystal display and optical shutter devices in- s 
eluding spatial light modulators. 

It should be understood that the term "light modu- 
lating devices" is used in this specification to encom- 
pass both light transmissive modulators, such as diffrac- 
tive spatial modulators, and light emissive modulators, 10 
such as conventional liquid crystal displays. Further- 
more, in the following description, the term "analogue 
states- will be used to denote those switching states of 
the light modulating device which are subject to signifi- 
cant transmission errors, for example because the cor- is 
responding transmission levels depend on switching of 
microdomains in a liquid crystal material. Conversely 
the term "digital states" will be used to denote those 
switching states of the light modulating device having 
substantially error free transmission levels as a result of 20 
the fact that such levels depend on a well-defined phys- 
ical property of the device, for example corresponding 
to the device being switched fully on or fully off or being 
in an error free intermediate state as discussed more 
fully below. 25 

Liquid crystal devices are commonly used for dis- 
playing alphanumeric information and/or graphic imag- 
es. Furthermore liquid crystal devices are also used as 
optical shutters, for example in printers. Such liquid 
crystal devices comprise a matrix of Individually ad- so 
dressable modulating elements which can be designed 
to produce not only black and white, but also intermedi- 
ate tones, or colour variations in devices in which colour 
filters are used. The so-called greyscale response of 
such a device may be produced in a number of ways. 35 

For example, the greyscale response may be pro- 
duced by modulating the transmission of each element 
between "on" and "off' states in dependence on the ap- 
plied drive signal so as to provide different levels of an- 
alogue grey. In a twisted nematic device, for example, 40 
the transmission of each element may be determined 
by an applied RMS voltage and different shades of grey 
may be produced by suitable control of the voltage. In 
active matrix devices the voltage stored at the element 
similarly controls the grey level. On the other hand, it is 45 
more difficult to control the transmission in an analogue 
fashion in a ferroelectric Jiquid crystal device, although 
various methods have been reported by which the trans- 
mission may be controlled by modulating the voltage 
signal in such a device. In devices having no analogue so 
greyscale, a greyscale response may be produced by 
so-called spatial or temporal dither techniques, or such 
techniques may be used to augment the analogu grey- 
scale. 

In a spatial dither (SD) technique each element is ss 
divided into two or more separately addressable sube- 
lements which are addr ssable by different combina- 
tions of switching signals in order to produce different 



overall levels of grey. For example, in the simple case 
of an element comprising two equal sized subelements 
each of which is switch able between a white state and 
a black state, three grey levels (including white and 
black) wilt be obtainable corresponding to both subele- 
ments being switched to the white state, both subele- 
ments being switched to the black state, and either sub- 
element being in the white state while the other subele- 
ment is in the black state. Since both subelements are 
of the same size, the same grey level will be obtained 
regardless of which of the subelements is in the white 
state and which is in the black state, so that the switching 
circuit must be designed to take account of this level of 
redundancy. It is also possible for the subelements to 
be of different sizes which will have the effect that dif- 
ferent grey levels will be produced depending on which 
of the two subelements is in the white state and which 
is in the black state. However a limit to the number of 
subelements which can be provided in practice is im- 
posed by the 1act that separate conductive tracks are 
required for supplying the switching signals to the sub- 
elements and the number of such tracks which can be 
accommodated is limited by space constraints. 

In a temporal dither (TD) technique at least part of 
each element is addressable by different time modulat- 
ed signals in order to produce different overall levels of 
grey. For example, in a simple case in which an element 
is addressable by two subframes of equal duration, the 
element may be arranged to be in the white state when 
it is addressed so as to be "on" in both subframes, and 
the element may be arranged to be in the black state 
when it is addressed so as to be "off' in both subframes. 
Furthermore the element may be in an intermediate grey 
state when it is addressed so as to be "on n in one sub- 
frame and "off 1 in the other subframe. The frame rate 
should be greater than the frequency at which the dither 
is observable as flickering. Furthermore it is possible to 
combine such a temporal dither technique with spatial 
dither by addressing one or more of the subelements in 
a spatial dither arrangement by different time modulated 
signals. This allows an increased range of grey levels 
to be produced at the cost of increased circuit complex- 
ity. 

In many applications, and particularly in display de- 
vices for displaying moving graphic images, there is a 
requirement for a large number of suitably spaced grey 
levels to be generated, with minimum (and preferably 
no) redundancy of grey levels. Usually the grey levels 
are linearly spaced as far as possible. To this end the 
elements may be binary weighted, for example by divid- 
ing each element into subelements having surface are- 
as in th ratio 1 : 2 : 4 in a SD technique or by addressing 
of each element with frames having durations in the ratio 
1 : 4 in a TD technique. European Patent Publication 
No. 0261901 A2 discloses a method of maximising the 
number of grey levels that can be obtained from a cer- 
tain number of binary temporal divisions of the address- 
ing frame by dividing the addressed rows of the display 
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matrix into groups and addressing the groups sequen- 
tially. 

European Patent Publication No. 0478043 A1 dis- 
closes a method of producing a large number of grey 
levels by combining spatial dither with an analogue 
switching arrangement so that at least one of the sube- 
lements of each element has more than two switching 
states, that is a black state 0, a white state 1 and at least 
one intermediate state having a grey level between 0 
and 1. For example, each element may be divided into 
four (column) subelements having widths in the ratio of 
4: 2: 1: 1, each of the subelements being switchable 
between the black state 0 and the white state 1 except 
for one of the two smallest subelements which is switch- 
able between four analogue states corresponding to 
0. V 3 , 2 ^3 and 1. Taking account of the relative surface 
areas of the four subelements, it is possible to obtain a 
total of 32 different grey levels by combining the switch- 
ing of the four spatial bits with appropriate selection of 
the different analogue states of the smallest subelement 
having the four states 0, V 3l a / 3 and 1 . Provision of such 
an additional spatial bit having more than two analogue 
states allows further intermediate grey levels to be pro- 
duced, and the fact that the spatial bit is a bit of small 
size means that any errors in the analogue levels are 
not magnified. However such an arrangement iBads to 
additional circuit complexity and cost, and there are dif- 
ficulties in manufacturing devices, particularly colour 
display devices, in which a very high density of electrode 
tracks is required to address the required subelements. 

European Patent Publication No. 0361 981 disclos- 
es a method of maximising the number of grey levels 
that can be obtained from a certain number of subpixels 
in a SD arrangement by dividing each pixel up into n 
subpixel groups having surface areas in the ratio A1 : 
A2 An = m n " 1 : m*- 2 : 1 where m represents the 
number of grey levels of each subpixel. Where each 
subpixel has only two grey levels, that is blackand white, 
and there are three subpixel groups, therefore, the op- 
timised ratio of the surface areas of the subpixel groups 
is 4 : 2 : 1, for example. Different optimised ratios are 
obtained if each subpixel group has more than two grey 
levels or if more than three subpixel groups are provid- 
ed. However such an arrangement may again be limited 
in its application due to difficulties in manufacturability 
or manufacturing cost considerations. 

W.J. A.M. Hartmann, "Ferroelectric liquidcrystal dis- 
plays for television application 11 , Ferroelectrics 1991, 
Vol. 122, pp. 1-26, discloses certain optimum combina- 
tions of SD and TD ratios for use in ferroelectric liquid 
crystal display devices to obtain a large number of 
spaced grey I vels. This r ference also describes vari- 
ous methods of achieving different levels of analogue 
greyscale such as the texture method in which variation 
in the texture of the liquid crystal material in dependence 
on the applied electric field is made use of to obtain dif- 
ferent grey levels. 

Furthermore US Patent No. 4712877 discloses a 



method of producing discrete grey states within a pixel 
of a ferroelectric liquid crystal display device by a tech- 
nique called multi-threshold modulation (MTM), gener- 
ally by variation of the electric field over the pixel area. 
s For example the liquid crystal thickness may be varied 
over the pixel area in steps. This method may be com- 
bined with dither techniques in order to produce a large 
number of grey levels, although in practice it is difficult 
to address more than a few MTM grey states. 

10 There are a number of inherent physical problems 
encountered in ferroelectric liquid crystal display devic- 
es which result in finite errors in the analogue grey 
states, and which can accordingly result in unpredicta- 
ble variation of grey levels with time and/or over th dis- 

is play area. Such problems are discussed in R Maltese, 
"Advances and problems in the development of ferro - 
lectric liquid crystal displays", Mol. Cryst. Liq. Cryst. 
1992, Vol. 215, pp. 57-72, as well as in K-F. Reinhart, 
"Addressing of ferroelectric liquid crystal matrices and 

20 electrooptical characterisation", Ferroelectrics 1991, 
Vol.113, pp. 405-417. As is well known, analogue grey 
states are highly temperature dependent, and the latter 
reference gives an example in which the display tem- 
perature should be uniform to 0.2 degrees if 16 grey lev- 

25 els are required. Both references indicate that the use 
of thin film transistors for the drive circuitry is advanta- 
geous to achieve analogue grey states in such devices. 

British Patent Application No. 9603506.8 and Jap- 
anese Patent Publications Nos. 27719/1993 and 

30 27720/1 993 describe techniques for reducing the error 
in a 50% analogue grey state to substantially zero by 
dividing each row (strobe) electrode into two subrows 
and simultaneously addressing the two subrows such 
that any local temperature variation has opposite effects 

35 in the two subrows tending to cancel the temperature 
dependence of the grey state for each row. Such a tech- 
nique allows a substantially error free half (50%) ana- 
logue grey state to be obtained. Japanese Patent Appli- 
cation No. 9-721 98/1 997 describes a technique for ob- 

40 taining such a substantially error free half state which 
uses an interlace technique to avoid the need to intro- 
duce extra subrows. The term "substantially error free" 
should be interpreted in this context as meaning that the 
error associated with such a state is small by compari- 

45 son with the errors associated with analogue intermedi- 
ate grey states produced by conventional means. 

It is an object of the invention to provide an address- 
ing scheme for a light modulating device, such as a fer- 
roelectric liquid crystal display device, which is capable 

50 of producing a large number of grey levels whilst mini- 
mising the errors in such grey tevels due to temperature, 
etc. 

According to the present invention th re is provided 
a light modulating device comprising an addressable 
55 matrix of modulating elements, and addressing means 
for selectively addressing each element in order to vary 
the transmission level of the element relative to the 
transmission Jevels of other elements, the addressing 
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means including spatial and/or temporal dither means 
for addressing separately addressable spatial bite of 
each element with different combinations of spatial dith- 
er signals and/or for addressing at least pad of each el- 
ement with different combinations of temporal dither sig- s 
nais applied to separately addressable temporal bits 
corresponding to subframes of different periods to pro- 
duce a plurality of different transmission levels, and 
state selection means for switching at feast a part of 
each element between different states corresponding to 10 
different transmission levels by means of on and off 
switching signals, whereby a plurality of different overall 
transmission levels are obtainable by selection of differ- 
ent combinations of spatial and/or temporal dither sig- 
nals and switching signals, characterised in that the 16 
state selection means is arranged to additionally apply 
at least one intermediate switching signal for producing 
at least one intermediate state in at least one bit of at 
least one element, including at least one error-produc- 
ing analogue state, in order to obtain intermediate over- 20 
all transmission levels and to control such switching 
such that, tor each such intermediate overall transmis- 
sion level requiring at least one error producing state, 
periods in which at least part of the element is in an error 
producing analogue state alternate with periods in which 25 
said part is in a substantially error free state during pro- 
duction of that transmission level. 

Such an arrangement is particularly applicable to 
display devices in which the accuracy of analogue 
states obtainable is insufficient to allow an analogue on- 30 
ly device to be produced but in which certain restrictions 
apply to prevent a digital only device being produced. In 
this case a display device of good quality having a large 
number of well defined grey levels can be produced by 
combining analogue and digital states and by ensuring & 
that the error producing analogue states are preceded 
by substantially error free states so that such errors are 
not propagated between successive addressing frames 
or subframes. The arrangement can be used to increase 
the allowed error in the analogue states by removing the 40 
most significant sources of error, as explained more fully 
below. 

Preferably the state selection means is arranged to 
apply at least one intermediate switching signal so as to 
produce less intermediate states in the most significant *s 
bit or more significant bits than in the least significant bit 
or lesser significant bits in order to limit the errocs asso- 
ciated with error producing analogue states. Clearly this 
serves to limit the total errors by biasing the error pro- 
ducing states towards the bits of lesser significance. so 

Most preferably the stat selection means is ar- 
ranged to control switching such that each error produc- 
ing analogue state is preceded by a substantially error 
free state. 

The state selection means may be arranged to con- ss 
trol switching such that, during addressing of separately 
addressable temporal bits o1 an element in successive 
subframes, a temporal bit of the element in an error pro- 



ducing analogue state is preceded by a temporal bit of 
the element in a substantially error free state. 

Alternatively or additionally the state selection 
means may be arranged to control switching such that, 
during addressing of separately addressable spatial bits 
of an element, the switching of on© spatial bit of the el- 
ement into an error producing analogue state in a first 
addressing frame is preceded by the switching of said 
one spatial bit into a substantially error free state in a 
second addressing Irame immediately preceding the 
first addressing frame. 

Furthermore the substantially error free state may 
be a state in which said part is in a fully off switching 
state or a fully on switching state. Alternatively the sub- 
stantially error free state is a state in which said part is 
in an intermediate switching state. 

In a preferred embodiment the state selection 
means is arranged to apply an Intermediate switching 
signal producing a substantially error free intermediate 
state. Preferably the state selection means is arranged 
to apply on and off switching signals producing approx- 
imately 100% and 0% transmission and an intermediate 
switching signal producing approximately 50% trans- 
mission. 

In order to confine the error producing states to the 
least significant bit or lesser significant bits, the state 
selection means may be arranged to address the least 
significant bit or lesser significant bits of each element 
with different switching signals for switching said bit be- 
tween different switching states including at least one 
error producing analogue state. Preferably the state $e- 
lection means is arranged to address the least signifi- 
cant bit or lesser significant bits of each element with 
switching signals including three different switching sig* 
nals corresponding to approximately 0%, 50% and 
100% transmission, the 50% transmission state being 
substantially error free. 

Furthermore the state selection means may be ar- 
ranged to address the. least significant bit or lesser sig- 
nificant bits of each element with further intermediate 
switching signals to produce further intermediate overall 
transmission levels between the transmission levels 
corresponding to said different switching signals. 

Preferably the dither means is arranged to address 
one or more spatial bits of each element in two or more 
temporal subframes of different periods such that said 
intermediate switching signal producing said intermedi- 
ate state is applied only to said spatial bit or bits in a 
least significant one, or lesser significant ones, of said 
subframes. 

In order to reduce transmission I vel drift during 
continuous refreshing, the dither means is pr ferably ar- 
ranged to address said on or more spatial bits of each 
element in said Iea6t significant subf rame or lesser sig- 
nificant subframes immediately after addressing of said 
spatial bit or bits of the element in one of said subframes 
of gr ater significance within the same addressing 
frame. 
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Figures 10 and 11 illustrate a range ol addressing 
schemes for devices in accordance with the inven- 
tion using a combination of SD 1 : 2 and TD 1 : 3; 
Figures 12 and 13 illustrate a range of addressing 
s schemes for devices in accordance with the inven- 
tion using a combination of SD 1 : 2 and TD 1 : 3 : 
12; 

Figures 14 and 15 illustrate a range of addressing 
schemes for devices in accordance with the inven- 
io tion using TD 1 : 2 : 3 : 6 and no SD; 

Figure 16 is a graph of the transmission level 
against the addressing frames illustrating the effect 
of analogue grayscale errors; 
Figures 17, 18 and 19 are graphs of the grey level 
is against the number of grey frames illustrating the 
effect of addressing schemes used in devices of the 
present invention; and 

Figures 20 and 21 are explanatory diagrams illus- 
trating an addressing scheme for a device in ac- 
20 cordance with the invention using SD 1:1:2 and 
no TD. 



Furthermore, in order to reduce dependence on the 
previous switched state, the state selection means may 
be arranged to vary the switching signal for the least 
significant bit or lesser significant bits of each element 
in said least significant subframe or lesser significant 
subframes between two or more different switching sig- 
nals producing the same transmission level depending 
on the preceding states in one or more sublrames of 
greater significance within the same addressing frame. 

Also, in order to reduce pixel pattern dependence, 
the state selection means may be arranged to apply said 
intermediate switching signal in a selected temporal 
subframe when a data signal is applied to a correspond- 
ing column electrode such that less intermediate states 
are produced in one or more subframes corresponding 
to a preceding and/or following data signal applied to 
said column electrode than are produced in said select- 
ed subframe. 

Advantageously the dither means is arranged to ad- 
dress the spatial and/or temporal bfts of each element 
such as to produce certain degenerate overall transmis- 
sion levels in which the same overall transmission level 
is obtainable by two or more different combinations of 
spatial and/or temporal dither signals and switching sig- 
nals. 2S 

it is preferred that each element is in the form of a 
single spatial bit, and the dither means is arranged to 
address each element with temporal dither signals ap- 
plied during subframes of different periods. 

in order that the invention may be more fully under- & 
stood, various addressing schemes for use in light mod- 
ulating devices in accordance with the invention will now 
be described, by way of example, with reference to the 
accompanying drawings, in which: 

35 

Figure 1 is a diagrammatic section through a ferro- 
electric liquid crystal display panel; 
Figure 2 is a schematic diagram illustrating an ad- 
dressing arrangement for such a display panel; 
Figure 3 is an explanatory diagram showing possi- 40 
ble waveforms for determining the states of the pix- 
els in such an addressing arrangement; 
Figures 4 and 5 are explanatory diagrams Illustrat- 
ing temporal dither (TD) and spatial dither (SD) 
techniques; 45 
Figure 6 illustrates a prior art addressing scheme in 
which 16 digital grey levels are obtained using a 
combination of SD 1 : 2 and TD 1 : 4; 
Figure 7 illustrates 15 intermediate grey levels 
which may be produced by the addition of a sub- so 
stantially error free half level and which may be add- 
ed to the grey ieveis of Figure 6; 
Figure 8 illustrates a range of addressing schemes 
for devices In accordance with the invention using 
a combination of SD 1 : 2 and TD 1 : 4; 55 
Figure 9 illustrates an addressing scheme in which 
1 3 digital grey levels are obtained using a combina- 
tion of SD 1 : 2 and TD 1 : 3; 



The following description will be given by way of ex- 
ample with reference to a targe ferroelectric liquid crystal 
display (FLCD) panel 1 0 shown diagrammatically in Fig- 
ure 1 . The FLCD panel 10 comprises a layer 63 of fer- 
roelectric liquid crystal material contained between two 
parallel glass substrates 61 and 62 bearing first and sec- 
ond electrode structures on their inside surfaces. The 
first and second electrode structures comprise respec- 
tively a series of column and row electrode tracks 4 and 
5 which cross one another at right angles to form an ad- 
dressable matrix of modulating elements (pixels). Fur- 
thermore alignment layers 66 and 67 are provided on 
insulating layers 64 and 65 applied on top of the column 
and row electrode tracks 4 and 5, so that the alignment 
layers 66 and 67 contact opposite sides of the ferroe- 
lectric liquid crystal layer 63 which is sealed at its edges 
by a sealing member 68. The panel 10 is disposed be- 
tween polarisers 69 and 70 having polarising axes which 
are substantially perpendicular to one another. However 
it will be understood that such a FLCD constitutes only 
one type of light modulating device to which the Inven- 
tion is applicable, and the following description of such 
a display is therefore to be considered as being given 
only by way of non-limiting example. 

Figure 2 diagrammatically shows an addressing ar- 
rangement for such a display panel 1 0 comprising a data 
signal generator 14 coupled to the column electrode 
tracks 4-, , 4 2 , ... 4 n and a strobe signal generator 15 cou- 
pled to the row electrode tracks 5 1t 5 2 , .5 m . The ad- 
dressable pix Is 7 formed at the intersections of the row 
and column electrode tracks are addressed by data sig- 
nals D v D 2 , ... D n supplied by the data signal generator 
14 in association with strobe signals S 1( S 2 . ... S m sup- 
plied by the strobe signal generator 15 in known, man- 
ner in response to appropriate image data supplied to 
the data signal generator 1 4 and clock signals supplied 
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to the data and strobe signal generators 14 and 15 by 
a display input 16 which may incorporate spatial and/or 
temporal dither control circuitry for effecting spatial and/ 
or temporal dither as referred to with reference to Fig- 
ures 4 and 5 below. 

The manner in which the waveforms of the data and 
strobe signals supplied to particular column and row 
electrode tracks determine the switching state of a pixel 
will now be briefly described with reference to Figure 3 
by way of non-limiting example. Figure 3 shows a typical 
strobe waveform 20 comprising a blanking pulse 21 of 
voltage -V b in a blanking period and a strobe pulse 22 
of voltage V s in a select period of duration x, as well as 
a typical "off" data waveform 23 and a typical "on* data 
waveform 24 each comprising positive and negative 
pulses of voltage V d and - V d . When the blanking pulse 
21 is applied to the pixel, the pixel is switched to, or re- 
tained in, the normally black state or the normally white 
state independent of the data voltage applied to the col- 
umn electrode track (the particular state being depend- 
ent on whether white or black blanking is applied). Dur- 
ing the select period, the strobe pulse 22 is applied in 
synchronism with either the "off" data waveform 23 or 
the "on* data waveform 24 so that the resultant voltage 
across the pixel determines the state of the pixel and 
hence the transmission level. When the "off 1 data wave- 
form 23 is applied, the resultant voltage 25 across the 
pixel causes the pixel to remain in the same state, that 
is the state to which the pixel has previously been 
blanked by the blanking pulse 21, and, when the "on" 
data waveform 24 is applied, the resultant voltage 26 
across the pixel causes the pixel to switch to the oppo- 
site state. Furthermore an intermediate data waveform 
27, for example of the form shown in Figure 3 having 
positive and negative pulses of voltage V c and - V Ct may 
be applied to the pixel producing a resultant voltage 28 
across the pixel which causes the pixel to assume an 
intermediate state corresponding to an intermediate an- 
alogue grey level. 

Reference will now be made to Figures 4 and 5 to 
explain possible temporal and spatial dither techniques 
which may be used in the addressing arrangement to 
obtain perceived digital grey levels in addition to the an- 
alogue grey levels obtainable by application of interme- 
diate data waveforms such as 27 referred to above with 
reference to Figure 3. Figure 4 illustrates the timing of 
strobe signals applied to a particular row electrode track 
to achieve temporal dither during a frame time by defin- 
ing three select periods in the ratio 1 : 4 : 16, for exam- 
ple, in which the pixel can be switched to the black state, 
the white state or any intermediate analogue grey state. 
Th perceived overall grey level within the frame is the 
average of the transmission levels within the three sub- 
frames defined by the select periods. Figure 5 shows a 
spatial dither arrangement given by way of non-limiting 
example in which each pixel comprises two sub-pixels 
30 and 31 formed, for example, by the crossing points 
of subelectrode tracks 4 1a , 4 1b , with the strobe electrode 



track 5 t . Data signals D 1a , D 1b are indep ndently ap- 
plied to the subelectrode tracks 4j a , 4^, b to independent- 
ly control the transmission levels of the two subpixels 
and the average of the transmission levels of the two 
5 pixels and the ratios of the areas of the pixels determine 
the overall transmission level of the total pixel. 

in the discussion of analogue and digital grayscale 
addressing given below reference will be made to "the 
least significant bit" and "the most significant bit\ and it 

io will be understood that the least significant bit is the bit 
which is of least significance amongst all the bits in d - 
termining the overall grey level, whilst the most signifi- 
cant bit is the bit which is of most significance amongst 
ad the bits in determining the overall grey level. Thus, in 

is the case of SD only addressing, the least significant bit 
corresponds to the subpixel of smallest area and the 
most significant bit corresponds to the subpixel of larg- 
est area, whereas, in the case of TD only addressing, 
the least significant bit corresponds to the subframe of 

20 smallest duration and the most significant bit corre- 
sponds to the subframe of greatest duration. 

In order that the effect of systematic errors and ran- 
dom errors on the grey levels obtained in a combined 
analogue and digital grayscale addressing scheme can 

2S be better appreciated, the effect of such systematic and 
random errors will be discussed separately below, both 
in relation to purely analogue grey levels and grey levels 
obtained by a combination of analogue and digital lev- 
els, such digital levels being obtainable by SD or TD or 

30 a combination of SD and TD. 

Systematic Error 

if a display device is first considered which has 16 

35 linearly spaced purely analogue grey levels 0, 1,2 

14, 15 (= 0%, 6.67% 100%) in which there exists a 

systematic error e 1 , due to the whole of the display not 
being at the optimised temperature for example, then 
the effect of this error will be to give grey levels such as 

40 o, 1+e-,, 2+2e 1 ....5+5e l , 6+6e 1 .... 14+14e 5 , 15. In this 
case all the intermediate grey levels between black and 
white are incorrect, but they are not inverted relative to 
one another, so that the restriction on the error will be 
determined by the image quality which is subjectively 

45 acceptable to the viewer. Furthermore one area of the 
display device may be at a temperature giving a system- 
atic error e 1 whilst another area ol the display may be 
at a different temperature giving a different systematic 
error e^ resulting in grey levels of 0, 1+eg, 2+2e 2 ... 

so 5+5e 2 , 6+6e 2 , ... 14+14e 2 , 15 so that the effect of sys- 
tematic error will be different in different parts of the dis- 
play. The restriction on the error will again b deter- 
mined by what is subjectively acceptable to the viewer. 
If we then consider the case where 16 linearly 

55 spaced grey levels are obtained in a display device by 
a combination of analogue and digital levels (SD and/or 
TD) in order to give a maximum total number of linearly 
spaced non-degenerate analogue levels, for example 



- 6 - 



11 

by combining four linearly spaced analogue levels (0, 1 , 
2, 3) with TD 1 : 4, on the assumption that th re are no 
errors in the analogue levels the grey levels GL5 and 
GL6, for example, are given by: 

GL 5 (33.3%) = [1Jx{1} + (4]x{1) 



GL 6 (40%) = [1]x{2} + [4]x{1 } 

where [] represents the duration of the subframe and 
{ } represents the analogue level, whereas, where there 
is a systematic geometric error e, such grey levels are 
given by: is 

GL 5 (33.3%) = [1]x{1 + e} + [4]x{1 + e} = 5 + 5e 



GL 6 (40%) = [1 ]x{2+2e) + [4}x{1 + e) = 6 . + 6e 

Thus the effect of the systematic error is the same 
as for the case in which pure analogue grey levels are 
provided. If there is a systematic error within each pixel 25 
of a display device, the required error which can be per- 
mitted for a subjectively good image is the same wheth- 
er the grey levels are obtained by a purely analogue 
technique or by a combination of analogue and digital 
techniques, 30 

Random Arithmetic Error 

If we again consider a display device having 16 lin- 
early spaced purely analogue grey levels 0, 1, 2 14, 35 

15 (= 0%, 6.67%,. ..100%) in which in this case there 
exists a random arithmetic error e, the grey levels ob- 
tained in a given pixel will be 0, 1+e, 2+e,... 5+e, 6+e,... 
1 4+e, 1 5. Furthermore, if the grey levels within the pixel 
are not to overlap, the maximum error in each grey level 40 
. should be: 

\erroh <>$ A ! Z %. 

45 

If we then consider the case where 16 linearly 
spaced grey levels are obtained by a combination of an- 
alogue and digital levels (SD and/or TD). for example 
by combining four linearly spaced analogue levels (0, 1 , 
2, 3) with TD 1 : 4 r the grey levels GL5 and GL6, for so 
example, obtained where there are no errors in the an- 
alog u levels are given by: 



12 

whereas, where there is a random arithmetic error e, 
such grey levels are given by: 

GL 5 (33.3%) = [1]x{1 + e} + [4]x{1 + e) = 5 + 5e 



GL 6 (40%) = [1]x{2 + e} + [4]x{1 + e} = 6 + 5e 

In the worst case, for the levels within the pixel not 
to overlap, the maximum error in each level should be: 

!e/rort£3 1 / 3 %. 

Thus the random arithmetic error requirement is the 
same in the case of a combination of analogue and dig- 
ital techniques as in the purely analogue case. This 
means that, when analogue and digital grey levels are 
combined in the obvious way to obtain the maximum 
number of grey levels, this does not lead to an improve- 
ment in the required maximum error as compared with 
the purely analogue case, and this is due to the propa- 
gation of the intrinsic analogue error out of the least sig- 
nificant bit, as will be described in more detail below. 

With regard to the analogue greyscale errors, a sig- 
nificant source of such errors is insufficient erasure of 
previous switched states of the pixel (previous switched 
state dependence), and this can result in the transmis- 
sion level achieved in response to applied grey scale 
data being biased towards the previously switched 
state, as well as resulting, in the case where the grey 
level is continuously refreshed, in the transmission level 
drifting from the initial biased level towards an equilibri- 
um level as described more fully below with reference 
to Figure 16. It is possible to use an addressing scheme 
along the lines of European Patent Publication No. 
0503321 A1 in order to modify the applied greyscale da- 
ta signal in dependence on the previously addressed 
state of the pixel in order to remove some of the histor- 
ical dependence of the resulting transmission level. 
However the embodiments of the invention to be de- 
scribed below utilise a particularly effective arrange- 
ment for minimising the effect of such analogue greys- 
cale errors. Another source of error is due to the fact 
that switching of a pixel can be significantly influenced 
by data for lines addressed just before and just after the 
select period (pixel pattern dependence). This problem 
can be overcome by designing analogue data types 
which are less pixel pattern dependent. 

Figure 6 shows the manner in which 16 digital grey 
lev Is are obtain d using simply the states 0 (black 
state) and 1 (white state) and SD 1 : 2 combined with 
TD 1 : 4 giving, for the state 1, an overall transmission 
level of 1 lor SD = 1 and TD = 1, a level of 41or SD = 1 
and TD = 4, a level of 2 for SD = 2 and TD = 1, and a 
level of 8 for SD = 2 and TD = 4. it will be appreciated 
that, because of the SD and TD binary weightings cho- 



GL 5 (33.3%) = [1]x{1 ) + (4]X{1) 
GL 6 (40%) = [1]x{2} + (4)x{1 } 
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sen, 16 linearly spaced digital grey levels 0, 1, 2 15 

are obtained without redundancy. However, as referred 
to above, simply including analogue states in alt four dig- 
ital bits does not lead to improvement in the required 
maximum error as compared with the purely analogue 
case, since the analogue error affects the most signifi- 
cant digital bits. 

Reference has already been made above to tech- 
niques for obtaining a substantially error free half state 
by dividing each row electrode into two simultaneously 
addressed subrows (or by interlacing to avoid the need 
for extr^i subrows) or by the MTM technique. The addi- 
tion of such a substantially error free half state to the 
addressing scheme of Figure 6 can be used to add sub- 
stantially error free intermediate grey levels 0.5, 1 .5, 
2.5 14.5 as shown in Figure 7. U should be appreci- 
ated that, although the half state is present in bits other 
than the least significant bit, this does not result in the 
addition of further error since these half states are sub- 
stantially error free. It will be noted that, for the grey lev- 
els 3.5, 7.5 and 11.5, the half state is required in both 
addressing subframes. 

In accordance with a first embodiment of the inven- 
tion modulation ot the analogue state of the least signif- 
icant bit (SD =r 1 and TD = 1 ) of such an arrangement is 
used to obtain further intermediate grey levels other 
than those corresponding.to the states 0, 0.5 and 1 of 
the least significant bit. 

Figure 8 shows the grey levels obtainable depend- 
ing on the number of data types used to modulate the 
least significant bit (SD = 1 and TD = 1 ), where 0-1 rep- 
resents a range of grey levels between 0 and 1, for ex- 
ample. Thus, in the case in which there are only 2 data 
types in the least significant bit, that is 0 and 1, 16 sub- 
stantially error free grey levels are obtained with, for ex- 
ample, the grey levels 0 and 1 being obtained respec- 
tively with staiBs of 0 and 1 in the least significant bit 
and states of 0 in the other bits, and with the grey levels 
1 and 2 being obtained respectively with the states 0 
and 1 in the least significant bit and a substantially error 
free half state 0,5 in the bit corresponding to SD = 2 and 
TD = 1 and with the states of the other bits being 0. 

In the case of 3 data types being applied to the least 
significant bit, that is 0, 0,5 and 1 , 31 substantially error 
free grey levels are obtained, that is the 16 grey levels 
of the 2 data type embodiment together with 15 inter- 
mediate grey levels obtained with the substantially error 
free half state applied to the least significant bit (as 
shown in Figure 7). 

In the case of 5 data types being applied to the least 
significant bit .that is 0, 0.25, 0.5, 0.75 and 1, 61 grey 
levels are obtained with a maximum required error in the 
analogue states of the least significant bit of the order 
of 1 2.5%. In fact this error is of the order of 25% because 
the 0, 0.5 and 1 states are substantially error free. Fur- 
thermore, if 9 data types are applied to the least signif- 
icant bit, 121 grey levels are obtained with a required 
error in the analogue states of the order of 6.25% of the 



maximum transmission. With 1 3 data types supplied to 
the least significant bit, 181 grey levels are obtained with 
the required error in the analogue states of the order of 
4.2%. 

s Expressed generally the total number of grey lev Is 
= (N - 1)(D - 1 ) + 1 , where IM is the number of data types 
and D is the number of digital levels. 

Furthermore, assuming the same error on all levels, 
the error required to avoid grey level inversion of th 

10 levels between the digital levels is at most: 



lem?n £ 



100% 
2(N-1) 



16 In fact the error restriction is not this strict since the 
0, 0.5 and 1 states are substantially error free. 

It will be appreciated that the introduction of the sub- 
stantially error free 0.5 state to allow substantially error 
free intermediate grey levels to be obtained, and the 

20 modulation of the analogue state of the least significant 
bit only to obtain further intermediate grey levels, reduc- 
es the overall error level by avoiding errors in bits other 
than the least significant bit. Furthermore, since the an- 
alogue states are only present in the least significant 

25 temporal bit, the previous temporal bit wiil always be ad- 
dressed with 0 or 1 (corresponding to the two fully 
switched states) or with the substantially error free 0.5 
state, and this ensures that a pixel addressed with an 
intermediate analogue state is never refreshed with an- 

30 other intermediate analogue state, thus eliminating the 
most significant source of grey level drift. 

Reference will now be made to a different combina- 
tion of SD and TD ratios, that is the combination of SD 
1 : 2 and TD 1 : 3 which results in 13 overall grey levels 

3S 0, 1 , 2 1 2 as shown in Figure 9, but with degenerate 

levels 3, 6 and 9 in which two different combinations give 
the same overall level, such as SD = 1 , TD = 1 in com- 
bination with SD = 2, TD = 1 , and SD = 1 , TD = 3 which 
both give the level 3. 

40 Such degeneracy introduced by this combination of 
SD and TD ratios can be turned to advantage when sub- 
stantially error free half states are added in order to ob- 
tain 12 intermediate grey levels 0.5, 1.5, 2.5.. ..11. 5 as 
shown in Figure 1 0, since these intermediate grey states 

45 can be obtained without providing a half state in the most 
significant subf rame TD = 3 (as required in the previous 
embodiment for TD = 4, SD = 1 as shown in Figure 8). 
If the half state is obtained by the interlace technique of 
Japanese Patent Application No. 9-72198/1997 re- 

so f erred to above, the contrast ratio would be reduced by 
the white blanking period if a half state were present in 
the most significant subf rame (as in Figure 8). However, 
where the intermediate states are obtained without a 
half state in the most significant subframe as in Figure 
10, white blanking is only needed in one subframe, thus 
increasing the contrast ratio. 

In accordance with a second embodiment of the in- 
vention modulation of the analogue state of th least sig- 
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nificant bit of such an arrangement is used to obtain fur- 
ther intermediate grey levels, as shown in Figure 11. In 
the case of SD 1 : 2 and TD 1 : 3, 13 grey levels are 
obtainable where the least significant bit is modulated 
by 2 data types (0, 1), 25 grey levels are obtainable 5 
where the least significant bit is modulated by 3 data 
types (0, 0.5, 1 ), 49 grey levels are obtainable where the 
least significant bit is modulated by 5 data types (0, 0.25, 
0.5, 0.75, 1), 97 grey levels are obtainable where the 
least significant bit is modulated by 9 data types, and to 
145 grey levels are obtainable where the least signifi- 
cant bit is modulated by 13 data types. 

Although grey level drift can be eliminated by having 
analogue states only in the least significant temporal bit, 
the problem of bias towards previously switched states ts 
still exists. In order to reduce this source of error, it is 
possible to minimise the influence of the grey level ap- 
plied during the previous frame by adoptingthe following 
procedures during addressing: 

20 

(i) Set up the ordering of the temporal bits within a 
frame such that the bit incorporating the analogue 
state follows at least one bit not incorporating an 
analogue state, and preferably following the most 
significant bit not incorporating the analogue state 25 
where more than one such bit is provided. 

(ii) Determine the data type required toobtain a par- 
ticular ana togue state (where a choice of data types 
is available to obtain that level) in dependence on 

the state during the temporal bit preceding the bit 30 
containing the analogue state. 

(iii) Modify a lookup table defining the data types 
required to obtain the grey levels by way of ana- 
logue and digital combinations. 

35 

When analogue states are present only in the least 
significant temporal bit, it is possible to address the dis- 
play device such that there are only four possible pixel 
patterns around the analogue state select period, that 
is {0,analogue,0} {0,analogue,1} {1 f analogue,0} {t,ana- 40 
logue, 1 }. This allows more freedom in the design of pixel 
pattern independent data as the analogue states are on- 
ly influenced by the data types used for the digital levels 

0 and 1 . 

In a further, non- illustrated arrangement intermedi- *5 
ate levels are obtained by a substantially error free half 
state in combination with SD 1 : 2 and TD 1 : 4 : .1 6, and 
this enables 64 grey levels to be obtained by modulating 
the least significant bit with 2 data types (0, 1), 127 grey 
levels to be obtained by modulating the least significant so 
bit with 3 data types (0, 0.5, 1) and 253 grey levels to 
be obtained by modulating the least significant bit with 
5 datatypes (0, 0.25, 0.5, 0.75, 1). Since the 0, 0.5 and 

1 states are substantially error free, the error restriction 
applies only in the last case, and this will be less than ss 
12.5% (in fact 25% because th 0, 0.5 and 1 states are 
error free). However, in this example, the half state is 
required in all three subframes, and, if the half state is 



obtained by the interlace technique referred to above, 
white blanking is required on half of the row electrodes 
in all three subframes. Furthermore the analogue grey 
state present in the least significant bit in one subframe 
follows on from one of only three possible states (O, 0.5 
and 1) in the other subframe, and this makes it practi- 
cable to modify the data signal applied to each pixel in 
dependence on the previously addressed state of the 
display by a method such as is described in European 
Patent Publication No. 0503321 A1 allowing the depend- 
ence of the analogue grey states on the previous switch- 
ing states to be effectively eliminated. 

Figure 12 illustrates a further arrangement in which 
the substantially error free half state is combined with 
SD 1 : 2 and TD 1 : 3 : 1 2. By reducing the temporal ratio 
to 1 : 3 : 1 2 as compared with the previously described 
embodiment, it Is possible to obtain the interm diate 
grey levels with the half state being used only in the first 
subframe (since adequate degeneracy has been intro- 
duced). Further intermediate grey levels are obtainable 
by modulation of the least significant bit, as shown in 
Figure 1 3. It will be appreciated that, in this embodiment, 
49 grey levels are obtainable when the least significant 
bit is modulated by 2 data types (0, 1), 97 grey levels 
are obtainable when the least significant bit is modulat- 
ed by 3 data types (0, 0.5 and 1), and 193 grey levels 
are obtainable when the least significant bit is modulat- 
ed by 5 data types (0, 0.25, 0.5, 0.75 and 1). 

Figure 14 shows an example in which the substan- 
tially error free half state is used in an arrangement with- 
out spatial dither (SD) but with 4 bit TD 1 : 2 : 3 : 6. In 
this case the half state is provided in the first two tem- 
poral subframes. Further intermediate grey levels are 
obtainable by modulation of the least significant bit, as 
shown in Figure 15. In this case 25 grey levels are ob- 
tainable where the least significant bit is modulated by 
3 data types (0, 0.5 and 1 ), 49 grey levels are obtainable 
where the least significant bit is modulated by 5 data 
types (0, 0.25, 0.5, 0.75 and 1), 73 grey levels are ob- 
tainable where the least significant bit is modulated by 
7 data types, and 265 grey levels are obtainable wh re 
the least significant bit is modulated by 23 data types. 

The arrangement of Figure 12 using the combina- 
tion of SD 1 : 2 and TD 1 : 3 : 12 will now be referred to 
in order to demonstrate the effect of the addition of the 
substantially error free half state on grey level drift and 
error. Firstly reference should be made to Figure 16 
which shows the light transmission of a pixel in a con- 
ventional addressing scheme, such as that of Figure 6, 
when the same grey level data is applied after the pixel 
has been in th white state for one minute (white dots) 
and in the black state for one minute (black dots) respec- 
tively. When the pixel has previously been in th white 
state, the transmission in response to application of the 
grey level data is biased by the previous state of the 
pixel and is thus 90% of the transmission of the previous 
state. When the grey level data is repeat dly ref r shed, 
the transmission in each frame is 90% of that of the pre- 
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vious frame, and this results in grey level drift from frame 
to f ram as the data is continuously refreshed, as shown 
in Figure 16. When the pixel has previously been in the 
black stale, the transmission level on application of the 
grey level data Is 0% of the transmission level of the s 
previous state, and as a result the transmission level 
never increases as the grey level data is repeatedly re- 
freshed, as shown in Figure 16. This illustrates the two 
types of error present in analogue greyscale, namely the 
effect of biasing by previous switched states and the io 
subsequent drift of a particular grey level. 

By way of contrast, Figure 1 7 shows the light trans- 
mission on application of the same grey level data fol- 
lowing respectively one minute in the white state (white 
dots) and one minute in the black state (black dots) in is 
the case of the arrangement of Figure 12 (SD 1 : 2 and 
TD 1 : 3 : 1 2) where the grey level data is applied to the 
least significant temporal bit (1 ) and the other two tem- 
poral bits (3 and 12) are addressed white. It will be ap- 
preciated that, in this case, the grey level drift is signif- 20 
icantly reduced. The transmission level when the previ- 
ous state is white is again about 90%, but the transmis- 
sion level no longer reduces from frame to frame as the 
data is repeatedly refreshed because two subframes (3 
and 12) are addressed with white before the grey level 25 
data is refreshed in the third subf rame. The transmission 
level when the previous state is black is again about 0% 
of the transmission level of the previous state, but, be- 
cause two subframes (3 and 12) are addressed with 
white before the data is refreshed, the transmission level 30 
rises to about 90% within two or more frames. 

Figure 18 shows the effect of applying the same 
grey level data to the least significant temporal bit (1) 
where the other two temporal bits (3 and 12) are ad- 
dressed black instead of white. In this case the trans- 35 
mission level when the previous state is white is again 
about 90%, but, because the two preceding subframes 
(3 and 12) are addressed black, the transmission level 
falls to 0% when the data is refreshed in the second 
frame. Of course, when the previous state is black, the 40 
transmission level is 0% and remains at that level. Thus 
It is apparent, by comparing the equilibrium transmis- 
sion levels of Figures 17 and 18, that the effect of biasing 
due to the states of the previous subframes causes sig- 
nificant error in the analogue levels, even though long & 
term drift is removed, in order to overcome this error, it 
is possible to arrange lor the analogue data applied in 
the least significant subframe to vary in dependence on 
the state of the previous subframe, such an arrange- 
m ent requiring a frame store and means for determining so 
the data to be applied befor each refresh period. By 
arranging the subframes so that the analogue bit is ad- 
dressed last (for example in the order 3 ; 12 : 1) the an- 
alogue level in the least significant subframe will depend 
on the state of the pixel in the preceding most significant 55 
subframe (12). If a 90% transmission level is to be ob- 
tained in the least significant subframe, different data . 
must b applied when the preceding most significant 



subframe is black as compared with the case when the 
preceding most significant subframe is white. As this de- 
pendence is the same for each analogue and digital 
combination, a fixed lookup table may be used and it is 
no longer necessary to use a frame store for storing the 
states of the previous subframes and enabling calcula- 
tion of the data in dependence on such states. 

Figure 1 9 shows the light transmission in such an 
arrangement addressed with data types gj as described 
in European Patent Publication No. 0710945A1 which 
have reduced pixel pattern dependence and therefore 
minimise the error in the analogue grey levels due to 
pixel pattern. When the two preceding subframes (3 and 
12) are addressed white, the grey level data g Q results 
in a transmission level of about 90% whether the pixel 
was previously in the white state for one minute (white 
dots) or in the black state for one minute (black dots). 
However, if the pixel Is addressed with the same data 
g 6 after the preceding two subframes (3 and 12) have 
been addressed black, this will result in a transmission 
level of 0% (as shown by the black squares in the figure) 
whether the pixel was previously black or white for one 
minute. By applying different grey level data Qj in the 
case where the preceding subframes (3 and 12) were 
addressed black, however, the transmission level can 
be set within 10% of the desired level whether the pixel 
was previously white for one minute (white triangles) or 
black for one minute (black triangles). Thus it is possible 
to achieve a particular transmission level during the an- 
alogue subframe by arranging forthis subframe to follow 
a particular digital subframe of the same frame, and 
preferably the most significant digital subframe, and by 
applying different analogue data for each state of the 
preceding subframe. 

Figures 20 and 21 dragrammatically illustrate a fur- 
ther embodiment of the invention which uses purely SD 
with no TD. In this embodiment each pixel or subpixel 
is divided into three spatial bits (subpixels) 41, 42 and 
43 having surface areas in the ratio 1:1:2. The most 
significant bit 43 is addressed so that it is always either 
in the state 0 (black) or in the state 1 (\vhite). However 
the two least significant bits 41 and 42 may be either in 
the state 0 or the state 1 or in one or more intermediat 
analogue states, provided that the addressing of the bits 
41 and 42 is such that the bits 41 and 42 are in one of 
the digital states (0 or 1) in alternate frames. 

As shown diagrammatically in Figure 1, for exam- 
ple, considering the case in which four grey levels 0 + 
x, 1 + x, 2 + x and 3 + x are to be obtained where 0 £ x 
£ 1 , the grey level 0 + x is obtained with the bit 41 in an 
intermediate grey state and the other bits 42, 43 in the 
0 state for odd numbered frames and with the bit 42 in 
th intermediate grey state and the other bits 41 , 43 in 
the 0 state for even numbered frames. Similarly the grey 
level 1 + x is obtained with the bit 41 in the intermediate 
grey state for odd numbered frames and the bit 42 in the 
intermediate grey state for even numbered frames and 
with the other bit 41 or 42 in the 1 state, the bit 43 again 
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being in the 0 state. The grey level 2 + x is then obtained 
with the bit 41 In the intermediate grey state and the bit 
42 in the 0 state for odd numbered frames and with the 
bit 41 in the 0 state and the bit 42 in the intermediate 
grey state for even numbered Irames, the bit 43 being s 
in the 1 state in both cases. Furthermore the grey level 
3 + x is obtained with the bit 41 in the intermediate grey 
state and the bit 42 in the 1 state for odd numbered 
frames and with the bit 41 in the 1 state and the bit 42 
in the intermediate grey state for even numbered 10 
frames, the bit 43 again being in the 1 state in both cas- 
es. It will be appreciated that, for each frame, only one 
of the least significant bits 41 and 42 is in an analogue 
state and, where required, the analogues states alter- 
nate between the bits 41 and 42 in successive frames, 
and this has the important effect that, for each of the bits 
41 and 42, an error producing analogue state will always 
follow an error free digital state {0 or 1 ) of that bit in the 
preceding frame. 

Other arrangements according to the invention can 20 
be contemplated which use purely TD but not SD and 
which replace the lesser significant digital bits provided 
in more conventional TD only addressing schemes with 
analogue states. In a conventional binary weighted dig- 
ital addressing scheme 2 n grey levels are obtainable by 2S 
using TD applied to successive temporal bits having 

weightings 1 : 2: 2 1 *" 1 . Thus, for example, such acon- 

ventional digital addressing scheme of the form TD 1 : 
2:4:8 may produce 16 digital grey levels. By contrast 
1 6 grey levels may be produced utilising an embodiment so 2. 
of the invention in the form TD 7 : 8 with 8 states (2 digital 
and 6 intermediate analogue states) being applied to the 
lesser significant bit (7) to define 8 linearly spaced trans- 
mission levels, it will be appreciated that, in each case, 
an analogue state in the first subframe will be preceded 3S 
by a digital state in the second subframe of the preced- 
ing frame. 

Furthermore a conventional digital addressing ar- 
rangement TD 1 : 2 : 4 : 8 : 16 : 32 : 64 : 128 producing 3. 
256 grey levels may be replaced by an arrangement in *o 
accordance with the invention of the form TD 31 : 32 : 
64 : 128 with 32 states (2 digital states and 30 interme- 
diate analogue states) in the least significant bit defining 
32 linearly spaced transmission levels so as to again 
produce 256 grey levels. As in the preceding embodi- 4S 4. 
ment, each analogue state will be preceded by a digital 
state in the preceding sujbframe. 



Claims 



so 



1. A light modulating device comprising an addressa- 
ble matrix of modulating elements, and addressing 
means for selectively addressing each element in 
order to vary the transmission level ol the elem nt ss 
relative to th e transmission levels of other elements, 
the addressing means including spatial and/or tem- 
poral dither means for addressing separately ad- 



5. 



dressable spatial bits of each element with different 
combinations of spatial dither signals and/or for ad- 
dressing at least part of each element with different 
combinations of temporal dither signals applied to 
separately addressable temporal bits correspond- 
ing to subframes of different periods to produce a 
plurality of different transmission levels, and state 
selection means for switch ing at least a part of each 
element between different states corresponding to 
different transmission levels by means of on and off 
switching signals, whereby a plurality of different 
overall transmission levels are obtainable by selec- 
tion of different combinations of spatial and/or tem- 
poral dither signals and switching signals, charac- 
terised in that the state selection means is arranged 
to additionally apply at least one intermediat 
switching signal for producing at least one interme- 
diate state in at least one bit of at least one element, 
including at least one error-producing analogue 
state, in order to obtain intermediate overall trans- 
mission levels and to control such switching such 
that, for each such intermediate overall transmis- 
sion level requiring at least one error producing 
state, periods in which at least part of the element 
is in an error producing analogue state alternate 
with periods in which said part is in a substantially 
error free state during production ol that transmis- 
sion level. 

A light modulating device according to claim 1, 
wherein the state selection means is arranged to 
apply at least one intermediate switching signal so 
as to produce Jess intermediate states in the most 
significant bit or more significant bits than in the 
least significant bit or lesser significant bits in order 
to limit the errors associated with error producing 
analogue states. 

A light modulating device according to claim 1 or 2, 
wherein the state selection means is arranged to 
control switching such that each error producing an- 
alogue state is preceded by a substantially error 
Iree state. 

A light modulating device according to claim 1 , 2 or 
3, wherein the state selection means is arranged to 
control switching such that, during addressing of 
separately addressable temporal bits of an element 
in successive subframes, a temporal bit of the ele- 
ment in an error producing analogue state is imme- 
diately preceded by a temporal bit of th lement in 
a substantially error fre state. 

A light modulating device according to any preced- 
ing claim, wherein the state selection means is ar- 
ranged to control switching such that, during ad- 
dressing of separately addressable spatial bits of 
an element, the switching of one spatial bit of the 
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element into an error producing analogue state in a 
first addressing frame is preceded by the switching 
of said one spatial bit into a substantially error tree 
state in a second addressing frame immediately 
preceding the first addressing frame. 

6. A light modulating device according to any preced- 
ing claim, wherein said substantially error tree state 
is a state in which said part is in a fully off switching 
state or a fully on switching state. 

7. A light modulating device according to any preced- 
ing claim, wherein said substantially error free state 
is a state in which said part is in an intermediate 
switching state. 

8. A light modulating device according to any preced- 
ing claim, wherein the state selection means Is ar- 
ranged to apply on and off switching signals produc- 
ing approximately 100% and 0% transmission and 
an intermediate switching signal producing approx- 
imately 50% transmission. 

9. A light modulating device according to any preced- 
ing claim, wherein the state selection means is ar- 
ranged to address the least significant bit or lesser 
significant bits of each element with different switch- 
ing signals for switching said bit between at least 
three different switching states including at least 
one error producing analogue state. 

10. A light modulating device according to claim 9, 
wherein the state selection means is arranged to 
address the least significant bit or lesser significant 
bits of each element withswitching signals including 
three different switching signals corresponding to 
approximately 0% ; 50% and 100% transmission, 
the 50% transmission state being substantially error 
free. 

11. A light modulating device according to claim 9 or 
10, wherein the state selection means is arranged 
to address the least significant bit or lesser signifi- 
cant bits of each element with further intermediate 
switching signals to produce further intermediate 
overall transmission levels between the transmis- 
sion levels corresponding to said different switching 
signals. 

12. A light modulating device according to any preced- 
ing claim, wherein the dither means is arranged to 
address on or more spatial bits of each element in 
two or more temporal subframes of different periods 
such that said intermediate switching signal produc- 
ing said intermediate state is applied only to said 
spatial bit or bits in a least significant one, or lesser 
significant ones, of said subframes. 



13. A light modulating device according to claim 12, 
wherein the dither means is arranged to address 
said one or more spatial bits of each element in said 
least significant subf rame or lesser significant sub- 

5 frames immediately after addressing of said spatial 
bit or bits of the element in one of said subframes 
of greater significance within the same addressing 
frame. 

14. A light modulating device according to claim 13, 
wherein the state selection means is arranged to 
vary the switching signal for the least significant bit 
or lesser significant bits of each element in said 
least significant subf rame or lesser significant sub- 
frames between two or more different switching sig- 
nals producing the same transmission level de- 
pending on the preceding states in one or more sub- 
frames of greater significance within the same ad- 
dressing frame. 

15. A light modulating device according to any preced- 
ing claim, wherein the state selection means is ar- 
ranged to apply said intermediate switching signal 
in a selected temporal subf rame when a data signal 
is applied to a corresponding column electrode 
such that less intermediate states are produced in 
one or more subframes corresponding to a preced- 
ing and/or following data signal applied to said col- 
umn electrode than are produced in said selected 
subframe. 

16. A light modulating device according to any preced- 
ing claim, wherein the dither means is arranged to 
address the spatial and/or temporal bits of each el- 
ement such as to produce certain degenerate over- 
all transmission levels in which the same overall 
transmission level is obtainable by two or more dif- 
ferent combinations of spatial and/or temporal dith- 
er signals and switching signals. 

17. A light modulating device according to any preced- 
ing claim, which is a ferroelectric liquid crystal de- 
vice. 



is 



20 



25 



30 



35 



40 



4$ 



50 



" 12 " 



EP 0 880 125 A1 




Y//// ///// ////////^ 



FIG . 1 



- 13 - 



EP 0 880 125 A1 




FIG . 2 



- 14 - 



EP 0 880 125 A1 



Select period: 



Blanking period 



2V 

blanking pulse 




strobe pulse 
22 



Resultant (Vs-VdV- 



PfXEL OFF 



26 



PIXEL ON 



J! 



28 v 



IN-BETWEEN 
(ANALOGUE GREY) 



FIG . 3 



- 15 - 



EP 0 880 125 A1 



Temporal dither (1:4:16) 




subframes 



16 



frame time 



FIG .4 



Spatial dither (1:2) 

Dla Dlb 




FIG. 5 



- 16 - 



EP0 880 125 A1 





SD 




1 




2 




GL 


TD 


1 


4 






4(8) 












0 




0 


0 


0 




0 


1 




1 


0 


0 




0 






0 


0 


1 




0 


3 




1 


0 


I 




0 


4 




0 


1 


0 




0 


c 

J 




* 
1 


1 


0 




0 


6 




0 


1 


1 




0 


7 




1 

I 


1 


1 

1 




0 


8 




0 


0 


0 






y 




I 


0 


0 




I 






0 


0 


i 




1 


t i 
1 I 




1 


0 


1 




I 






0 


1 


0 




t 


I t 




i 


1 


0 




I 


i 




0 


I 


t 




1 






1 

1 


1 


1 












rl b , 6 










SD 




i 




2 




GL 


TD 


1 


4 


1(2) 






0.5 




0.5 


0 


0 




0 


1.5 




0.5 


0 


0.5 




0 


2.5 




0.5 


0 


I 




o 


3.5 




0.5 


0.5 


0.5 




0 


4.5 




0.5 


I 


0 




0 


5.5 




0.5 


1 


0.5 




0 


6.5 




0.5 


1 


1 




0 


7.5 




0.5 


0.5 


0.5 




0.5 


8.5 




0.5 


0 


0 




9.5 




0.5 


0 


0.5 






10.5 




0.5 


0 


i 






11.5 




0.5 


0.5 


0.5 






12.5 




0.5 


J 


0 






13.5 




. 0.5 


1 


0.5 






14.5 




0.5 


I 


I 












FIG. 7 









- 17 - 



EP 0 880 125 A1 



GL 

0- 1 

1- 2 

2- 3 



SD 
TD 



1 

0-1 
0-1 
0-1 



0 
0 
0 



K2) 
0 

0.5 
1 



4(8) 

0 
0 
0 



11-12 



0-1 



0.5 



0.5 



14-15 
TD + SD only 
+ 0.5 

+ 0.25 + 0.75 
+ ... 



0-1 

16 grey levels 
3 1 grey levels 
61 grey levels 
181 grey levels 



I 

2 data types 

3 data types 
5 data types 
13 data types 

FIG. 8 



SD 




1 






TD 


1 




3 


K2) 


GL 








0 


0 




0 


0 


1 


1 




0 


0 


2 


0 




0 


1 


3 


I 




0 


I 


3 


0 




1 


0 


4 


! 




1 


0 


5 


0 




1 


1 


6 


1 




1 


1 


6 


0 




0 


0 


7 


1 




0 


0 


8 


0 




0 


1 


9 


1 




0 


1 


9 


0 




I 


0 


10 


i 




I 


0 


11 


0 




1 


1 


12 


1 




i 


! 



error < 12.5% (in fact 25% when 0, 0.5 
and 1 levels arc error free) 
error < -4.2% 



3(6) 

0 
0 
0 
0 
0 
0 

a 
o 



PIG. 9 



- 18 - 



EP0 880 125 A1 





SD 




1 






2 




TD 


1 


3 




1(2) 


3(«) 


GL 














0.5 




0.5 


0 




0 


0 


1.5 




0.5 


0 




0.5 


0 


2.5 




0.5 


0 




1 


0 


3.5 




0.5 


1 




0 


t\ 

O 


4.5 




0.5 


I 




0.5 


0 


5.5 




0.5 


I 




1 


0 


6.5 




0.5 


0 




0 


I 


7.5 




0.5 


0 




0.5 


i 


8.5 




0.5 


0 




1 


I 


9 5 




0.5 


I 




0 


1 


ISJ.J 




0.5 


I 




0.5 


I 
1 


I 1 £ 
I 1 .J 




0.5 


I 




1 








FIG 


.10 . 








SD 




1 






2 




TD 


1 


3 




1(2) 


3(6) 


GL 














0-1 




0-1 


0 




0 


0 


1-2 




fi 1 


ft 




A < 


u 


2-3 




0-i 


0 




1 


0 


3-t 




U- 1 


1 




u 


A 
\> 


4-5 




0-1 


1 




0.5 


0 


5-6 




0-! 


1 




1 


0 


6-7 




0-1 


0 




0 


1 


7-8 




0-1 


0 




0.5 


I 


8-9 




0-1 


0 




1 


1 


9-10 




0-1 


1 




0 


\ 


10-U 




0-1 


1 




0.5 


1 


11-12 




0-1 


I 




1 


I 


TD + SD only 


13 grey levels 


2 data types 








+ 0.5 




25 grey levels 


3 data types 








+ 0.25 + 0.75 




49 grey levels 


5 datatypes 


error < 12.5% (in fact 25% when 0. 0.5 










and 1 levels are error free) 


+ ... 




145 grey levels 


13 datatypes 


error < -4.2% 





Fid .11 



- 1Q - 



EP 0 880 125 A1 



SD I 2 

0 
0 
0 
0 
0 
0 





TD 


1 


3 


12 


1(2) 


GL 












0.5 




0.5 


0 


0 


0 


1.5 




0.5 


0 


0 


0.5 


2.5 




0.5 


0 


0 


i 


3.5 




♦ 0.5 


1 


0 


0 


4.5 




0.5 


I 


0 


0.5 


5.5 




0.5 


1 


0 


1 


6.5 




0.5 


0 


0 


0 


7 5 




0.5 


0 


0 


0.5 


S.5 




0.5 


0 


0 


1 


9.5 




0.5 


I 


0 


0 


10.5 




0.5 


! 


0 


0.5 


U.5 




0.5 


1 


0 


\ 



12.5 -23.5 as above + 12 
24.5 - .15.5 as above + 24 
36 5 - 47.5 as above +12 + 24 



FIG . 12 



SD 

TD t 

GL 

0- 1 0-1 

1- 2 0-1 

2- 3 0-1 

3- 4 0-1 

4- 5 0-1 

5- * 0-t 

6- 7 (M 

7- 8 0-1 

8- 9 0-1 

9- 10 (M 

10- 11 0-1 
lt-12 0-t 

12 -24 as above + 12 
24 - 36 as above + 24 
36 - 4H as above +12 + 24 



I 

3 

0 
0 
0 

1 
I 
1 

0 
0 
0 

1 
I 

1 



t2 

0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



1(2) 

0 

0.5 
1 
0 

0.5 
1 

0 

0.5 
I 
0 

0.5 
I 



1 

3(6) 

0 
0 
0 
0 
0 
0 



TD + SD only 49 grey levels 2 data types 
+ 0.5 97 grey levels 3 data types 

+ 0.25 + 0.75 193 grey levels 5 data types 



error < 12.5% (in fast 25% when 0, 0.5 
and 1 levels are error free) 



FIG. 13 



12(24) 

0 
0 
0 
0 
0 
0 
0 

0 " 
0 

I) 

0 

u 



12(24) 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 



- 9.0 - 



EP 0 880 125 A1 





TD 


1 


2 


Gi- 








rt s 

V.J 




0.5 


0 


I .J 




0.5 


0.5 


2.5 




0.5 


1 


35 




0.5 


0 


4.5 




0.5 


0.5 


5.5 




0.5 


1 


0.3 




0.5 


0 






0.5 


0.5 


O.J 




0.5 


I 


".J 




0.5 


0 


10 5 




0.5 


0.5 


1 1 S 




0.5 


I 








FIG . 




TD 


1 


2 


GL 








0-1 




0-1 


0 


1-2 




0-1 


0.5 


2-3 




0-1 


1 


3^ 




0-1 


0 


4-5 




0-1 


0.5 


5-6 




0-1 


I 


6-7 




0-1 


0 


7-8 




0-1 


0.5 


S-9 




0-1 


1 


9-10 




0-1 . 


0 


10-11 




0-1 


0.5 


n-12 




0-1 


I 



TDonly 

+ 0.5 

+ 0.25 + 0.75 



13 grey levels 
25 grey levels 
49 grey levels 
73 grey levels 
265 grey levels 



2 daia types 

3 datatypes 
5 data types 
7 datatypes 
23 data types 



FIG. 15 



EP 0 880 125 A1 



0 



) 



•o... 



'•o- 



•••o- 



— o. ... 



-•- after 1 minute black 
-o-- af terl minute white 



4 6 8 10 

number of grey frames 

FIG. 16 



12 




8 r-S 8- 



♦-afterl minute black 
o- -after 1 minute white 



~io~ 



4 6 6 

number of grey frames 

FIG . 17 



12 



- 22 - 



£ P 0880 125 Ai 




HG .18 




- 23 - 



EP 0 880 125 A1 

















41 — 
42 — 


1 




1 




2 



















FIG. 20 




3 + x 



0<x< 1 

Odd numbered Even numbered 

frames frames 

FIG. 21 



- 24 - 



EP 0 880 125 Al 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Numb«r 

EP 98 30 4005 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document with indication, where appropriate. 
of relevant passages 



Relevant 
to claim 



CLASSIFICATION OF THE 
APPLICATION flni.Ct.*) 



A,0 



US 5 583 530 A (MAN0 ET AL.) 10 December 
1996 

* Abstract * 

* column 1, line 39 - line 50: figure 1 * 

* column 8, line 1 - line 25 * 

^•column 10, line 1 - column 11, line 3; 
figures 11-14 * 

* column 16, line 32 - line 35 * 

EP 0 478 043 A (N.V. PHILIPS' 
GLOEILAMPENFABRIEKEN) 1 April 1992 

* Abstract 

* column 2, line 44 - line 46; figures 2,3 
* 

* column 4, line 16 - column 5, line 4 * 

EP 0 361 981 A (SHARP K.K.) 4 April 1990 

* Abstract * 

* column 2, line 52 - column 4, line 17; 
figures 4,9 * 

EP 0 453 033 A (N.V. PHILIPS' 
GLOEILAMPENFABRIEKEN) 23 October 1991 

* Abstract * 

* column 3 , line 11 - column 4, line 39; 
figures 1 ( 2 * 

EP 0 484 159 A (FUJITSU LTD.) 6 May 1992 

* Abstract * 

* page 6, line 22 - line 38; figures 5-7D 

* page 8, line 7 - line 45; figures 20-27 

* page 9, line 15 - line 45; figures 32-35 

* page 10, line 6 - line 30; figures 42-44 
* 



1,3,8,9 

2,10,11, 
16,17 
3-7, 
12-15 



2,10,11, 
17 



3-5 



16 



1,8-11 



The present search report has been drawn up for all claims 



G09G3/36 
G09G3/20 



TECHNICAL FIELDS 
SEARCHED (InLCU) 



G09G 



Place of i»atch 

THE HAGUE 


Oate ol completion of ttu seareh j Examiner 

29 July 1998 j Corsl , F 




CATEGORY OP CITED DOCUMENTS 


T : theory or principle underlying toe invention 








£ earlier patent document, but oubtisned on. or 


:< 


particularly relevant if taken alone 




after the filing date 


Y 


particularly rale van l If combined with another 


O - document cited in the application 




document of the same category 




I : document cited for other reasons 


A 


technological background 






0 


: non-written disclosure 




S : member of the same potent (amity, corresponding 


P 


intermediate document 




document 



- 25 - 



EP0 880 125 A1 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 93 30 4005 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document with indication, where appropriate. 
of relevant passages 



Relevant 
to cairn 



CLASSIFICATION OP THE 
APPLICATION {fntCU) 



WO 95 27971 A (THE SECRETARY OF STATE FOR 
DEFENCE) 19 October 1995 

* Abstract * 

* page 3, line 1 - page 4, line 8; figure 
12 * 

* page 13, line 17 - page 16, line 11; 
figures 5-7 * 

* page 19, line 4 - page 21, line 25; 
figures 14,15 * 



1.3-11. 
17 



TECHNICAL FIELDS 
SEARCHED (lnt.CI.6) 



The present search report has been drawn up for all claims 



PliCM of search 

THE HAGUE 



DsU ol camp-on of the aearcn 

29 July 1998 



Corsi, F 



Category of cited documents 



X ' particularly relevant if taken alona 

V particularly relevant if comoined with another 

document of the same category 
A : technological background 
0 : non-writtan disclosure 
P intermerjiale document 



T : theory or principle uirattrlying me invention 
£ : earlier patent document, out published on. or 

after me Wing date 
O • document atftri in the application 
L : document cited lor other reasons 

& : member ol the same patent famiry. corresponding 
document 



- 26 - 



